Background-Paroxysmal nocturnal hemoglobinuria (PNH), a rare clonal hematopoietic stem cell disorder, is characterized by chronic, uncontrolled complement activation leading to intravascular hemolysis and an inflammatory prothrombotic state. The EXPLORE study aimed to determine the prevalence of undiagnosed PNH in patients with aplastic anemia (AA), myelodysplastic syndrome (MDS), and/or other bone marrow failure (BMF) syndromes and the effect of PNH clone size on hemolysis.
INTRODUCTION
Paroxysmal nocturnal hemoglobinuria (PNH) is characterized by chronic, uncontrolled complement activation leading to intravascular hemolysis and an inflammatory prothrombotic state (1, 2) . The etiology of this rare hematopoietic stem cell disorder is an acquired clonal genetic deficiency of glycosylphosphatidylinositol (GPI)-anchored and GPIlinked proteins on the surface of blood cells. Of particular importance in PNH are the GPIanchored complement regulatory proteins CD55 (a decay accelerating factor) and CD59 (a membrane inhibitor of reactive lysis) (3) . Deficiency of CD55 and CD59 on blood cells leads to increased cellular sensitivity to complement-mediated attack, resulting in hemolysis of red blood cells (RBCs) and activation of granulocytes, monocytes, and platelets (4).
Patients with PNH are at an elevated risk of life-threatening complications such as thrombosis, chronic kidney disease, and end-organ damage as well as disease-related morbidities including pulmonary hypertension, abdominal pain, dyspnea, and debilitating fatigue (5) (6) (7) (8) (9) (10) . PNH is associated with early mortality; up to 35% of PNH patients die within 5 years of diagnosis (10) , and up to 50% of patients die within 10-15 years of diagnosis (11, 12) .
There is a well-established association between PNH and aplastic anemia (AA) (13) ; in fact, PNH often arises in patients with AA after effective immunosuppressive therapy (IST) (14) . PNH cells have also been detected in some patients with other bone marrow failure (BMF) syndromes, such as refractory anemia (RA) myelodysplastic syndrome (MDS) (15, 16) . However, many of these studies had small sample sizes and employed variable diagnostic methods.
The association between PNH and BMF syndromes suggests that the selection pressure for PNH clonal expansion is mediated through the patient's immune system (15) . However, the mechanism by which PNH cells expand and obtain dominance over their non-PNH counterparts is not entirely understood (17) . The presence of even minor populations of PNH cells in patients with AA or MDS may be an important prognostic indicator of a higher rate of response to IST (18, 19) .
Determining the association between BMF syndromes and PNH may represent an opportunity for early detection, diagnosis, and treatment of patients with unrecognized PNH within these populations. In fact, this association has prompted PNH testing guidelines to recommend testing for PNH in patients presenting with a wide range of clinical indications, including AA, MDSRA, unexplained cytopenia, Coombs-negative hemolytic anemia, thrombosis with unusual features, and intravascular hemolysis (20) .
Here, we report the results of a large, multicenter, point-prevalence study (Examination of PNH, by Level of CD59 on Red and White Blood Cells [EXPLORE]) with the primary objective of determining the prevalence of PNH clones in patients diagnosed with AA, MDS, or other BMF syndromes.
METHODS

Study Design, Patients, and Assessments
EXPLORE is a multicenter prevalence study of PNH clone size, the percentage of cells with GPI anchor deficiency. Patients, of at least 10 years of age, were selected following review of patient medical charts by hematologists and oncologists from 1,294 centers in the United States and were included in the study if they had a diagnosis of AA (pancytopenia with low CD34+ cells, hypocellular marrow, and no evidence of leukemia), MDS (with normal or high CD34+ cells), and/or other BMF syndromes. (Details of the specific nature of other BMF as reported following medical office chart and author review are given in Supporting Information A.) Patients diagnosed with MDS were further classified according WHOdefined criteria for one of seven subtypes of MDS: RA, RA with ringed sideroblasts, refractory cytopenia with multilineage dysplasia, refractory cytopenia with multilineage dysplasia and ringed sideroblasts, RA with excess blasts (Type 1 and 2), 5q-syndrome, or unclassified. We specifically excluded from our analyses all patients with AA who also had a clinical diagnosis of PNH. The selection of patients for inclusion in the study was based on medical chart review and at the discretion of the reviewing physician; diagnoses were neither reviewed nor confirmed by the authors.
The primary endpoint was to identify the percentage of patients with AA, MDS, and/or other BMF syndromes who have an undiagnosed PNH white blood cell (WBC) clone ≥1%. Secondary endpoints in each subgroup of patients included the relationship between hemolysis, as assessed by lactate dehydrogenase (LDH) levels, and PNH clone size, as well as mean clone size in each subgroup. Additional analyses were performed on a subgroup of patients tested for PNH clone size after January 2008 when the use of fluorescent aerolysin (FLAER) became available in flow cytometry testing. FLAER has a strong binding affinity for GPI anchors and is more sensitive than CD59 in accurately detecting small populations of PNH cells, allowing identification of PNH clone sizes as small as 0.01%.
The study protocol was approved by each center's institutional review board, and all patients provided informed consent before entering the study. Following selection, informed consent was obtained, inclusion and exclusion criteria were assessed, and baseline demographics, diagnosis, and medical history were recorded. All eligible patients, irrespective of any prior or current therapy, then had blood samples collected for chemistry and hematology panel testing and for flow cytometry detection of PNH clonal cells. Patients were excluded from the study if they had any condition that, in the opinion of the investigator, might interfere with the patient's participation in the study, pose an added risk for the patient, or confound the assessment of the patient. The trial was registered at ClinicalTrials.gov as #NCT01192425.
Flow Cytometry
To eliminate interlaboratory variability in detection and reporting of PNH clones, a single reference flow cytometry laboratory (Dahl-Chase, Bangor, Maine) was used to determine the presence and size of PNH cell populations. RBCs were analyzed using a combination of the RBC-specific antibody CD235a-fluorescein isothiocyanate (clone KC16, Beckman Coulter, Miami, Florida) to delineate RBCs from other events and a R-phycoerythrin conjugate of the GPI-specific antibody CD59 (clone MEM43, Invitrogen, Carlsbad, California). Normal RBCs (type I cells) show bright expression of CD59, whereas PNH cells show either partial CD59 deficiency (type II cells) or complete CD59 deficiency (type III cells).
As the objective of this study was to identify the prevalence of PNH clones in WBCs, we used granulocytes as the primary population for the determination of PNH clone size. Although PNH clones can be identified in monocytes (serving as useful confirmation of the presence of a PNH clone in the WBCs), monocyte populations are typically smaller in peripheral blood, limiting the statistical confidence with which the smallest clone sizes can be identified. The complement-mediated lysis of PNH RBC clones and the potential dilution of clone sizes in patients administered RBC infusions renders this cell type suboptimal for the determination of true PNH clone size.
The initial WBC assay used CD66b (clone 80H3), CD24 (clone ALB9), and CD16 (clone 3G8) to assess GPI-deficient granulocytes gated using a combination of CD45 (clone J.33) and CD15 (clone 80H5) (all reagents from Beckman Coulter). GPI-deficient monocytes were identified with CD14 (clone RMO52, Beckman Coulter) and CD55 (clone 67, Invitrogen) gated using a combination of CD45, CD64 (clone 22), and CD33 (clone D3HL60.251, all from Beckman Coulter). The number of acquired cells varied depending on the cell count, with an initial assay sensitivity of 1%. Data generated with the initial assays were often difficult to interpret, as the expression of some of the individual GPIlinked structures is closely linked to the maturational status of the target cells. Thus, for sample types containing increased levels of immature cells (e.g., some MDS cases), a range of staining intensities was observed for some of the individual GPI-specific reagents that made the delineation of weakly stained immature cells from bona fide GPI-negative cells problematic.
The WBC assay was modified in January 2008 to take advantage of the newly available pan-GPI-reactive FLAER reagent (Cedar Lane Laboratories, Burlington, Ontario, Canada) to replace several of the antibody conjugates to individual GPI-molecules such as CD55, CD66b, and CD16. FLAER was used in combination with CD24 to detect FLAER-negative, CD24-negative, GPI-deficient granulocytes gated using a sequential combination of light scatter (to remove debris), CD45, and bright CD15 expression. The modified monocyte assay used a combination of FLAER and CD14 to detect FLAER-negative, CD14-negative GPI-deficient monocytes gated using a sequential combination of light scatter, CD45, and bright CD33/CD64 staining. The combination of optimized lineage-gating reagents with two GPI-specific reagents (for each lineage) and Boolean gating strategies allowed for a significantly increased level of assay sensitivity. Use of three high-sensitivity assays allowed for the reliable detection of PNH RBCs, granulocytes, and monocytes to the level of 0.01% without interference from other events, debris, and "false negatives."
Variations of these assays have subsequently been included in a number of state-of-the-art protocols for detecting PNH cells by flow cytometry, such as the 2010 International Clinical cytometry Society (ICCS) Guidelines (20) , the 2012 Practical Guidelines (21) , and the Clinical and Laboratory Standards Institute guidelines for RBC diagnostic testing using flow cytometry (22) .
Statistical Analyses
Descriptive statistics were calculated for continuous variables, with categorical variables being summarized using counts and percentage distribution. Assessments of differences between mean values were performed using two-sided t tests and differences in proportions using a Chi-squared test. All analyses were performed at the α = 0.05 level of significance. Only patients with a PNH clone size ≥ 1% were included in analyses of the whole patient population, whereas in the subset of patients assessed post January 2008 using the more sensitive FLAER reagent, patients with a minor PNH clone of size ≥0.01% to 1% were also included in the analyses.
RESULTS
Patient Characteristics
Of the 5,398 patients screened between July 2006 and July 2010, 4,401 (81.5%) had a diagnosis of MDS, 503 (9.3%) a diagnosis of AA, and 130 (2.4%) a diagnosis of other BMF. Of the 4,401 patients with MDS, 1,622 (36.9%) were reported as having a diagnosis of unclassified MDS, 1,288 (29.3%) had RA, 591 (13.4%) had RA with ringed sideroblasts, 381 (8.7%) had RA with excess blasts (types 1 and 2), 306 (7.0%) had refractory cytopenia with multilineage dysplasia, 138 (3.1%) had 5q-syndrome, and 75 (1.7%) had refractory cytopenia with multilineage dysplasia and ringed sideroblasts.
Baseline demographic and clinical characteristics of patients at the time of screening are presented in Table 1 . There were approximately equal numbers of male and female patients, with most being of Caucasian origin. The median age of the participants was 75 years. There were considerable differences in mean age among the patient groups. The mean age was 74.2 years in patients diagnosed with MDS, 51.7 years in those diagnosed with AA, and 65.9 years in those diagnosed with other BMF. Only 19% of the patients with MDS were ≤65 years of age, compared with 72% of patients with AA and 44% of patients with other BMF. All 16 pediatric patients (age 18 years) had a diagnosis of AA.
Patients with Granulocyte PNH Clones ≥ 1%
Overall, 1.1% (50 of 4,401) of patients with MDS, 18.5% (93 of 503) of patients with AA, and 2.3% (3 of 130) of patients with other BMF had PNH clones ≥ 1% (Table 2) . Although the range of PNH clone sizes was similar in each group, the median clone size was threefold greater in patients with MDS (17.6%) than in those with AA (5.1%) ( Table 3) . Among patients with PNH clones ≥ 1%, a larger percentage of patients had a clone size of ≥ 10% in the MDS group (27 of 50; 54.0%) than in the AA group (36 of 93; 38.7%).
PNH clones ≥ 1% were detected in a greater percentage of patients < 65 years of age, and there was some evidence to suggest that the prevalence of PNH clones decreased with age ( Fig. 1) . PNH clones ≥ 1% were detected across MDS subtypes, with the exception of 5q-syndrome (Table 2 ). In the MDS group, PNH clones were more frequently reported in patients with diagnoses of RA, refractory cytopenia with multilineage dysplasia, or unclassified MDS.
LDH released into the plasma from lysed RBCs is a validated measure of intravascular hemolysis (2), with LDH concentrations ≥ 1.5 × the upper limit of normal (ULN; 250 U/L) associated with significantly increased risks of thromboembolism (TE) and mortality (23) . Among patients with PNH clones ≥ 1%, LDH levels > ULN were seen in 56.0% of patients with MDS, 46.2% of patients with AA, and 33.3% of patients with other BMF; LDH levels ≥ 1.5 × ULN were seen in 42.0% of patients with MDS, 18.3% of patients with AA, and none of the patients with other BMF (Table 3) .
Patients with Granulocyte PNH Clones ≥ 1% and Cytopenias
Patients were assessed for various types of cytopenias (Table 4) . Overall, cytopenia of any kind was reported in 2,302 patients (42.6%) in the total patient population. Of the patients with cytopenia, the majority had leukopenia and/or neutropenia, with just over a third of these patients having a diagnosis of thrombocytopenia. Approximately 18% of patients with cytopenia had all three conditions. The percentage of patients with a PNH clone ≥ 1% was similar in patients with any cytopenia, leukopenia, neutropenia, or bicytopenia (4.1-6.1%) but slightly higher in patients with thrombocytopenia (9.7%) and highest in patients with pancytopenia (12.6%).
Thrombocytopenia was reported in 781 of the 2,302 patients with cytopenia (33.9%) with 76 of these 781 patients (9.7%) having PNH clones ≥ 1%. Of the patients with thrombocytopenia and PNH clones ≥ 1%, 46% had LDH levels above the upper limit of normal, and 21% had LDH ≥ 1.5 × ULN. Overall, younger patients (age ≤50 years) with thrombocytopenia were more likely to have a PNH clone size of ≥ 1% (42 of 145 patients; 29.0%) when compared with patients aged 51-65 years (19 of 172 patients; 11.0%) or >65 years (15 of 464 patients; 3.2%).
Patients Analyzed with FLAER after January 2008
An additional analysis of PNH clones was conducted in a subgroup of 1,746 patients who were assessed for PNH clones using FLAER post January 2008. Overall, a PNH clone of ≥ 0.01% was observed in 167 (9.6%) of these patients. PNH clones of ≥ 0.01% were detected in 22 of 1,225 patients with MDS (1.8%), 116 of 294 patients with AA (39.5%), and 1 of 51 patients with other BMF (2.0%) ( Table 2 ). Distribution of clone sizes was similar across all three patient groups: 40.0-45.7% of patients in each group had a clone size of 0.01 to 1%, and 54.3-60.0% in each group had a clone size of ≥ 1%. The distribution of PNH clones by age (Fig. 2) revealed that most patients (53.4%) with a diagnosis of AA and a PNH clone size ≥ 0.01% were aged ≤50 years. This was in contrast to patients with MDS, where 50.0% of patients with PNH clones ≥ 0.01% were >75 years of age. PNH clones ≥ 0.01% were most common in patients with refractory cytopenia with multilineage dysplasia and ringed sideroblasts and were not detected in patients with 5q-syndrome or RA with excess blasts (Table 2) .
DISCUSSION
It has been previously reported that bone marrow disorders are present in approximately 45% of patients with PNH (24), with studies suggesting that PNH cells are present in 57-70% of patients with AA (19), 20-50% of patients with MDS (25) . and 50% of patients with other BMF (16) . However, these findings were based primarily on retrospective analyses of data collected when Ham's test, which only assesses the RBC population (26) , was the standard technique employed in the detection of PNH cells. More recently, flow cytometry, and particularly FLAER, has been employed using monoclonal antibodies to cell-bound complement regulators that are absent from the surface of hematological cells, and the use of this technique to assess WBCs is now considered the standard for PNH diagnosis. In the multicenter EXPLORE study, we prospectively evaluated the presence of detectable PNH clones using flow cytometry in the largest population of patients to date with evidence of AA, MDS, and other BMF syndromes, as determined from review of medical office charts.
An unexpectedly high number of patients with MDS were included in the study, particularly patients with a diagnosis of unclassified MDS. As it was not possible to conduct in-depth diagnoses of each patient, we relied on the clinical judgment of the individual hematologists/ oncologists to determine if the patient records they reviewed provided sufficient evidence for inclusion in one of the diagnostic categories.
Our analyses showed that PNH clone sizes ≥ 1% were prevalent in 18.5% of patients with AA, which is consistent with the 21% figure previously reported by Dunn et al. (15) . PNH clones ≥ 1% were detected in a significantly smaller percentage of patients with MDS (1.1%) or other BMF (2.3%), although the median PNH clone sizes in these patient groups (17.6 and 24.4%, respectively) were approximately threefold to fivefold greater than the median clone size in patients with AA (5.1%). We are currently unable to explain why the relatively few patients with these disorders should have such a larger median clone size, although it should be noted that the range of clone sizes was similar in each of the diagnostic groups. The presence of even small PNH clones in patients with AA and MDS is of potential importance, as it has been shown that such patients have a higher response to IST (18, 19) .
The presence of a PNH clone ≥ 1% is clinically significant, as 56.0% of patients with MDS, 46.2% with AA, and 33.3% with other BMF showed evidence of intravascular hemolysis, as measured by LDH levels above the ULN. LDH levels ≥ 1.5 × ULN have been established as an important threshold associated with a significantly increased risk of TE and mortality in PNH patients (23) , and our analysis showed that in patients with a PNH clone ≥ 1%, LDH concentrations at or above this threshold were seen in 42.0% of patients with MDS and 18.3% of patients with AA. These findings emphasize the importance of assessing and monitoring patients with these hematological disorders for the presence of PNH clones as well as clinical signs and symptoms associated with the disease.
This study demonstrated that approximately 10% of patients with thrombocytopenia had PNH clones ≥ 1%. PNH patients with thrombocytopenia have an increased incidence of TE, with evidence of increased platelet consumption, possibly as a result of the wide-spread formation of microthrombi (1, 27, 28) . The lack of expression of CD55 and CD59 on blood cells and platelets in PNH increases the sensitivity of these cells to complement-mediated attack and may contribute to PNH-associated thrombotic tendencies (29) . As 21% of thrombocytopenic patients with PNH clones ≥ 1% had LDH concentrations ≥ 1.5 × ULN, thrombocytopenic patients with elevated LDH may benefit from testing for PNH clones, as they may be at higher risk for developing TE.
The latest digital clinical flow cytometers are capable of rapidly analyzing samples and simultaneously collecting data on numerous parameters. This sophisticated and sensitive technique permits the accurate detection of PNH cells even when they are present in small numbers within a sample. This permits detection of PNH cells at an early stage of the disorder and prior to any clinical manifestations of the disease. Thus, high-sensitivity flow cytometry may facilitate early intervention with consequent improvement in patient management and potentially reduce morbidities associated with untreated PNH.
We were able to detect PNH clone cell sizes down to 0.01% in a subset of patients who were assessed after the introduction of FLAER to flow cytometry testing. Results from this subset of patients showed that 39.5% of patients with AA, 1.8% of patients with MDS, and 2.0% of patients with other BMF had a PNH clone. PNH clones ≥ 0.01% were also observed across most MDS subtypes, with the highest percentage of patients with PNH clones found in the subgroup with a diagnosis of refractory cytopenia with multilineage dysplasia and ringed sideroblasts. We observed that 53% of AA patients with a PNH clone size ≥ 0.01% were aged ≤50 years, whereas only 9% of MDS patients with a with a clone size ≥ 0.01% were in that age range. This suggests that younger patients with AA are more likely to develop PNH clones and further emphasizes the importance of screening for PNH in these patients.
The major limitation of this study is that it did not include a longitudinal assessment of clone sizes; measurements were made at entry into the study only. It is known that PNH clone size in individual patients is dynamic, with longitudinal studies reporting PNH clone size remaining stable in some patients but increasing or decreasing in others (19, 30) . There is considerable interest in determining the impact of changing clone sizes on risks of serious morbidity and mortality, the severity of PNH-related symptoms, and the effectiveness of therapies used to treat patients with PNH.
This study supports the PNH testing guidelines recently issued by the ICCS (20) , which recommend high-sensitivity flow cytometry to detect PNH cells in patients at high risk for PNH. This includes patients with evidence of BMF syndromes, such as suspected or proven AA or hypoplastic anemia, RA-MDS, and cytopenias of unknown etiology. Although highsensitivity flow cytometry assays are not essential for the diagnosis of hemolytic PNH, they are important in the diagnosis of PNH in patients with bone marrow disorders, where PNH cells may be present in much lower numbers, as such patients may be at a greater risk of progression to hemolytic PNH (20) . The prognostic value of detecting PNH clones of small size using high-sensitivity assays is controversial. Longitudinal follow-up of these patients would be required to determine the significance of the presence of small PNH clones, particularly in patients with MDS or other BMF, as it is known that in patients with AA, PNH clones can change over time (16, 31) . ICCS guidelines recommend annual monitoring of patients with stable PNH clones and more frequent monitoring in patients exhibiting any change in clinical or hematologic parameters (20) .
PNH is associated with significant morbidities and the life-threatening complications of TE and chronic kidney disease, the largest causes of death in PNH patients (23) (24) (25) . Screening of high-risk patients and the detection of PNH clones may facilitate early intervention, improve patient management, and possibly prevent the morbidities and early mortality associated with untreated PNH.
In summary, we report on a large prospective multicenter study on the incidence of PNH clones in patients with AA, MDS, and other BMF syndromes with some interesting and unexpected findings. In the future, it will be important to demonstrate the long-term clinical significance of detecting a PNH clone and its effect on the natural history of the disease.
FIG. 1.
Percentage of patients in each age category with a granulocyte PNH clone size of 1% or greater. Table 2 Prevalence of Granulocyte PNH Clones by Diagnosis Cytometry B Clin Cytom. Author manuscript; available in PMC 2017 September 12.
